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 
Abstract—Vehicle to Vehicle (V2V) communication systems 
enable vehicles to communicate with each other and use the 
shared information to make safety related decisions. However, 
the safety improvement of the current V2V systems only 
benefits V2V-enabled objects in the V2V network. The 
Pedestrian Automatic Emergency Braking System (PAEB) can 
utilize onboard sensors to detect pedestrians and make safety 
related actions so it benefits the individual vehicle and the 
pedestrians detected by its PAEB. To further improve 
pedestrian safety, the idea for integrating the capabilities of 
V2V and PAEB (V2V-PAEB) has been proposed, which allows 
the information of pedestrians detected by onboard sensors of a 
vehicle to be shared in the V2V network. A V2V-PAEB enabled 
vehicle uses not only its onboard sensors, but also received V2V 
messages from others to detect potential collisions with 
pedestrians and make better safety related decisions. In this 
paper, a Matlab/Simulink based simulation model of 
V2V-PAEB system is presented for demonstrating the proper 
architecture and information processing processes, and for 
providing the quick start of developing a better simulation 
model of V2V-PAEB. The proposed model has also been tested 
in PreScan simulation environment. 
Index Terms—Intelligent vehicles, radar detection, real-time 
systems, vehicle detection, vehicle safety 
I. INTRODUCTION 
Due to the fast advancement of wireless communication 
technology and computation speed, Vehicle-to-Vehicle 
(V2V) communication becomes practical and being 
implemented in many research studies. The information 
exchange through V2V enabled vehicles to make better 
decisions in driving control and safety [1]. Meanwhile, 
Pedestrian Automatic Emergency Braking (PAEB) systems 
use various types of onboard sensors (such as radar, 
mono/stereo camera, infrared etc.) to detect the potential 
collision with pedestrians. The PAEB alerts the driver if there 
is an imminent collision and supports collision avoidance by 
applying the brake automatically if the driver does not take 
braking action [2]. Due to the range limitations of PAEB 
sensors and speed limitations of sensory data processing, 
PAEB systems often cannot detect or do not have sufficient 
time to respond to a potential crash. To improve the 
pedestrian safety, the idea of integrating the complimentary 
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capabilities of V2V and PAEB (V2V-PAEB) together to 
allow the information of pedestrians sensed by PAEB of one 
vehicle to be shared in the V2V network is proposed. The 
information broadcasted through V2V network can be used 
by the PAEB of other vehicles. 
A set of 96 scenarios that the pedestrian safety can 
benefit from the proposed V2V-PAEB feature has been 
identified [3]. Based on the V2V-PAEB features discussed in 
[3], this paper standardizes the V2V-PAEB functions and 
features, where it also provides some convincible 
demonstrations. These scenarios proved the potential use of 
the V2V-PAEB and could be used for evaluating V2V-PAEB 
systems. These simulated scenarios can also illustrate the 
feasibility in the real world. However, successful V2V-PAEB 
actions are highly depending on the number of vehicles with 
the V2V-PAEB hardware. 
Based on the state-of-the-art V2V, V2P 
(Vehicle-to-Pedestrian) communication standards [1], this 
paper concentrates on the detailed feasibility and 
experimental analysis. This paper presents a Matlab/Simulink 
based computer simulation architecture specially designed for 
the further development of V2V-PAEB system and its 
simulation model. This simulation architecture is organized 
according to the information processing steps and the 
problems need to be solved in a V2V-PAEB system. It is 
called architecture since it captures all necessary parts of a 
V2V-PAEB for it to be functional and allows the flexibility of 
future improvement of any individual subsystem. Goals for 
developing this simulation model architecture include: (1) 
present the problems and challenges in developing the 
V2V-PAEB system; (2) decompose the problem into a set of 
well-defined sub-problems; (3) present the architecture and 
the information processing flow for solving all sub-problems; 
(4) provide a simple implementation of the simulation model 
to demonstrate the usefulness of the  model for studying the 
V2V-PAEB integration problems and (5) providing a 
foundation for quick verification of new V2V-PAEB 
algorithms. With the predefined architecture and function 
blocks described in this paper, new V2V-PAEB information 
processing algorithms can be quickly evaluated. The 
V2V-PAEB simulation model has been tested in the PreScan 
environment. Some pedestrian safety related V2V-PAEB 
experiments described in [3] were implemented by 
incorporating V2V-PAEB algorithms to demonstrate the 
usefulness of this model. 
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II. DESCRIPTION OF V2V-PAEB SIMULATION MODEL
The V2V-PAEB simulation model connected with its 
required supporting upstream/downstream models in a 
vehicle model is shown in Figure 1. The block in the center is 
the V2V-PAEB simulation model, and blocks on both sides 
are peripheral upstream/downstream models. The 
V2V-PAEB model uses information from upstream models to 
detect potential collisions with pedestrians and make proper 
safety decisions. Then these decisions are sent to downstream 
models to trigger proper actions to avoid or mitigate the 
potential collisions. Various types and numbers of sensors can 
be used in V2V-PAEB system. The output of the sensors 
models provides the position, velocity, and acceleration of the 
detected objects. Sensors can be added to or removed from the 
V2V-PAEB simulation model. Current implementation of the 
V2V-PAEB simulation model supports two basic sensor 
models (radar and camera). 
Figure 1. V2V-PAEB model in a vehicle model. 
The V2V-PAEB simulation model provides the ability of 
message passing (transmitting and receiving) with 
well-defined message protocol. V2V-PAEB Message is a 
subtype of V2V communication message. It contains the 
information of pedestrians detected by their V2V-PAEB 
systems. TABLE 1 shows the required input of V2V-PAEB 
simulation model. The format of the V2V-PAEB Message is 
defined in TABLE 2. The detailed information of the output 
data of the V2V-PAEB simulation model is shown in TABLE 
3.  
TABLE 1. THE INPUT DATA OF V2V-PAEB MODEL 
Item Description 
X,Y,Z [m] vehicle coordinates in global coordinate system 
GPS 
[deg/min/sec] 
The GPS Latitude, Longitude, and Altitude of the 
host vehicle  
Rotation about 
X,Y,Z [deg] 
X, Y, and Z -rotations of the vehicle in global 
coordinate system. 
Yaw Rate [deg/s] The Yaw (Turning) rate of the vehicle. 
Velocity [m/s] The moving velocity of the vehicle. 
Heading 
Direction [deg] 
The moving direction of the vehicle. North is 0o 
(range between 0-360 in clockwise direction). 
Acceleration 
[m/s2] 
The acceleration of vehicle. 
Throttle State 
[%] 
Throttle state of vehicle. Range between 0-100. 
Brake State [%] Brake state of vehicle. Range between 0-100. 
Steering Angle 
[deg] 
The steering Angle of vehicle. 
Radar model 
Beam ID [-] The radar sensor can be configured with a number of 
beams with different angle coverages. This Beam ID 
indicates which beam is active in the current 
simulation time step. 
Range (R) [m] The distance between the radar sensor and the 
detected objects.  
Doppler 
Velocity [m/s] 
Velocity of target point, relative to the sensor, along 
the line of-sight between sensor and target. 
Theta Ɵ [deg] Azimuth angle in the sensor coordinate system  
Phi Φ[deg] Elevation angle in the sensor coordinate system  
Target ID [-] Numerical ID of the detected target. 
Energy Loss 
[dB] 
Ratio received power / transmitted power. 
Alpha α [deg] Azimuthal incidence sensor angle on the target. 
Beta β[deg] Elevation incidence sensor angle on the target.  




Velocity of target point decomposed into X, Y, Z of 
the sensor’s coordinate system. 
Target Type ID Radar may identify the type of detected objects. The 





The camera sensor model should be able to generate 
video frames at a proper frame rate.  
Message Receiver Model 
Message Used for vehicles to share the sensory information.  
Table 2 shows the message format.  
TABLE 2. THE FORMATION OF V2V-PAEB MESSAGE 
Item Description 
Header 
Destination The destination of the message if unicast is 
supported. 
Source The sender of this message. 
Type of message Type of message (e.g., V2V-PAEB type). 
Subtype of message The subtype of the message. In case for 
expanding this message in the future. 
Priority of message The priority of the message. 
Event time The event time stamp of the message. 
Total packs Total packages of the message. 
Packet id The pack id of current message. 
Length of payload The length of the payload of this message. 
Payload 
Vehicle ID Host vehicle’s unique ID in the V2V network. 
Vehicle type To indicate the type of the host vehicle 
Vehicle color Host vehicle’s color. 
Vehicle GPS 
location 
Host vehicle’s latitude, longitude and altitude 
[deg]. 
Vehicle speed Host vehicle’s moving velocity [m/s]. 
Vehicle heading Host vehicle’s heading direction. North is 0 
degree range between 0-360o clockwise. 
Vehicle acceleration The acceleration of the host vehicle. 
Vehicle GPS 
accuracy 
The accuracy of host vehicle’s GPS device. 
Number of 
pedestrians 
To indicate how many pedestrians’ 
information are included in this message 
Pedestrian ID The ID of the first pedestrian 
Confidence The confidence level of this Ped information 
Pedestrian size The size of the first pedestrian 
Pedestrian color The color of the first pedestrian 
Pedestrian GPS The latitude, longitude and altitude of the first 
location pedestrian 
Pedestrian velocity The velocity of the first pedestrian [m/s] 
Pedestrian heading first pedestrian’s heading direction [deg] 
Ped. acceleration The acceleration of the first pedestrian[m/s2] 
Pedestrian ID The ID of the second pedestrian. Second 
pedestrian’s information stars here.  
…… …… 
…… …… the information for the third, fourth, and 
rest of detected objects. 









This flag is used to indicate whether any pedestrians 
have been detected. If so, this parameter will be set to 




This flag is used to indicate if the driver warning 
should be triggered. If this parameter is set to Y, then 
a driver warning will be triggered  immediately. 
Otherwise, if this parameter is set to N, then the 




This flag is used to indicate if the automatic braking 
should be started. If it is set to Y, then the automatic 
braking will be started immediately. Otherwise, if 





This value is used to control the deceleration of 
the vehicle when the automatic braking is started. 
Once the Automatic Braking Flag is set to Y, then the 
Brake Pressure should be assigned a value between 
zero and the Max Braking pressure. Otherwise, if the 
Automatic Braking Flag is set to N, then this 




This flag is used to indicate if the automatic steering 
control should be started. If it is set to Y, then the 
automatic steering will be started immediately. 
Otherwise, if this parameter is set to N, then the 





This value is used to specify the steering wheel 
status. A positive value means turning right, and 
minus value means turning left. Once the Automatic 
Steering Flag is set to Y, then this parameter should 
be assigned with a meaningful value. 
Otherwise, it should be zero. 
Time To 
Collision [s] 
Time to Collision represents for how much time 
left before the collision occurs. If many pedestrians 
are detected at the same time, and each one has its 





The V2V-PAEB Message that contains the 
pedestrians that detected by PAEB system on 
vehicle. 
Vehicles use this message to share the pedestrian 
information through V2V communication. 
There are two types of output data generated by the 
V2V-PAEB simulation model: the V2V-PAEB Message and 
safety decisions (see Figure 2). The V2V-PAEB Message 
usually goes to the Message Transmitter Model and then 
being sent out to the nearby vehicles. The safety decisions are 
sent to both the Actuator Models for triggering proper actions 
and the Display Model for displaying the simulation process 
and results. Figure 2 shows the architecture and information 
processing blocks of the V2V-PAEB model. Information 
processing is organized in four groups. 
 The gray shaded block group describes the
environment, vehicle and sensor setup for simulation.
 The non-shaded group is responsible for the
on-vehicle sensor based pedestrian detection and
V2V-PAEB message generation.
 The yellow shaded group is responsible for receiving
V2V-PAEB messages and extracting the pedestrian
information from messages.
 The blue shaded group is responsible for merging the
pedestrian information from onboard sensors and
received messages, and making car braking
decisions.
Blocks for environment, vehicle and sensor setup (gray 
shaded blocks): 
 Vehicle Kinematic Model block describes the
locations and moving directions of the sensors on the
vehicle, which need to be considered in calculating
the collision distance and time.
 Sensor Model block describes the characteristics of
sensors, such as range, field of view, error model, etc.
 Driving Scenario Model block describes the number
of vehicles and objects involved in the simulation and
their relative positions and motion trajectory.
 Vehicle Braking Model block describes the vehicle
behavior for various braking commands.







Sensory Data Preprocessing 
V2V-PAEB Message Receive & 
Preprocessing 











Pedestrian Tracking (1) 






Vehicle position and velocity 
Sensor detected Pedestrian 
information 
Sensor Model Driving Scenario Model 
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Blocks for vehicle sensor based pedestrian detection and 
V2V-PAEB message generation (non-shaded blocks): 
Sensory Data Preprocessing block processes raw sensory 
data using simple cues and fast algorithms to identify 
potential pedestrian candidates. This stage needs to 
have high detection speed even at the expense of 
allowing false alarms. 
Pedestrian Detection block applies more complex 
algorithms to the candidate object from the Sensory 
Data Preprocessing block in order to separate genuine 
pedestrians from false alarms. 
Pedestrian Tracking (1) block tracks detected pedestrians 
overtime to get their trajectories. 
V2V-PAEB Message Broadcasting block constructs and 
broadcasts V2V-PAEB Messages. 
Blocks for V2V-PAEB messages receiving and pedestrian 
information extraction (yellow shaded blocks): 
 V2V-PAEB Message Receive & Preprocessing block
periodically processes received messages to obtain
the motion and state information of pedestrians
contained in these messages.
 Multi-Message Pedestrian Information Merge block
merges all the pedestrians extracted from different
messages together to obtain a whole set of pedestrians
that detected by other vehicles.
 Pedestrian Tracking (2) block tracks message
extracted pedestrians overtime to get their
trajectories.
Blocks for pedestrian information merging from onboard 
sensor and received messages, and making car braking 
decisions (blue shaded blocks): 
 Pedestrian Information Merge block merges the two
set of pedestrians information (one onboard sensor
detected pedestrians and the other from received
V2V-PAEB messages) together to obtain a complete
set of detected pedestrians surrounding the host
vehicle.
 Potential Collision Prediction block predicts the
probability of collision between the host vehicle and
pedestrians.
 Decision Making block generates warning to the
driver if there is potential collision and generates
braking commands if a collision is imminent [4].
The V2V-PAEB simulation model describes the 
information flow and processing for achieving pedestrian 
safety. To use it in simulation, it should be placed in a vehicle 
model. To reduce the complexity of developing this model, 
some third party simulation software (Such as PreScan, 
LabView and CarSim) can be used to provide complete or 
partial functions in some blocks. For example, PreScan 
software is used to provide blocks for environment, vehicle 
and sensor setup, and simulation display in this study. 
PreScan software also provided partial function support for 
message passing. Other blocks are developed either in 
Simulink or Matlab environment. 
III. SIMULATION TESTING
The proposed V2V-PAEB simulation architecture has 
been implemented and tested in PreScan environment [12]. 
PreScan provides several modules that the V2V-PAEB 
simulation needs. The intuitive graphical user interface (GUI) 
allows the construction of the experiment scenario and model 
the desired radar and camera sensors, while the 
Matlab/Simulink interface enables the integration of the 
V2V-PAEB simulation model. Following subsections 
describe the development and testing of the V2V-PAEB 
simulation using PreScan.  
Figure 3 is a scenario chosen from paper [3] for testing 
the V2V-PAEB simulation architecture. In this scenario, five 
vehicles and one pedestrian are at an intersection. The traffic 
light changes from green to red when the pedestrian is still 
crossing the street. At the same time, vehicle 5 is approaching 
this intersection at a speed of 6.67 m/s (24km/h). The driver 
does not change the speed and keeps driving through this 
intersection. Both the pedestrian and vehicle 5 cannot see 
each other for their views are obscured by vehicle 2. 
However, vehicle 1 and vehicle 2 can see this pedestrian. For 
this experiment scenario, two cases are run separately to 
check if the combined V2V-PAEB system works better than 
the PAEB only system. Combined V2V-PAEB system means 
information that detected by multiple vehicles will share their 
data in real-time through V2V network. The PAEB only 
system represents a scenario where vehicles detect objects 
individually without any communication. 
Case 1: No vehicle has V2V capability and vehicle 5 is 
equipped with PAEB system. Since the sight of on-board 
sensors of vehicle 5 is blocked by vehicle 2, vehicle 5 cannot 
see the pedestrian until very late.  
Case 2: Vehicles 1, 2 and 5 are equipped with V2V-PAEB 
systems. Vehicle 1 and 2 can detect the pedestrian early and 
broadcast this pedestrian information to vehicle 5 through 
V2V-PAEB messages.  
Figure 3. Simulation scenario used for testing the V2V-PAEB simulation 
model. 
A. Build Experiment Scenario 
This experiment can be easily built in PreScan’s GUI by 
using drag and drop actions to the library elements of road 
sections, infrastructure components (trees, buildings, traffic 
signs), actors (cars, trucks, bikes, and pedestrians), sensors 
(radar, camera, LiDAR, etc.), weather conditions (such as 
rain, snow, and fog) and light sources (such as the sun, 
headlights, and lampposts). 
B. Add the V2V-PAEB Model to the Vehicle Model 
The V2V-PAEB simulation model described above is 
inserted to the vehicle in the simulation. The  Vehicle State 
Model, Radar Sensor Model, Camera Sensor Model and 
DSRC Receiver Model are connected to (or implemented in) 
the V2V-PAEB Simulation Model. The output of V2V-PAEB 
simulation model is connected to the DSRC transmitter model 
and actuator models.  
C. Simulation Result 
Two cases as described earlier are simulated. Table 4 
compares the simulation results of case 1 and case 2. The 
simulation result of vehicle 5 for case 1 shows that there was a 
collision between vehicle 5 and the pedestrian with collision 
speed 0.67m/s. The pedestrian was detected by the PAEB 
system when TTC was 0.39 seconds. Since it was too late and 
the PAEB system does not have enough time to react, the 
collision was not avoided but mitigated. 
TABLE 4. THE COMPARISON OF THE SIMULATION RESULTS FOR CASE 1 
AND CASE 2 
Items Case 1 Case 2 
Initial vehicle speed (m/s) 6.7 6.7 
Pedestrian detected time (s) (TTC) 0.39 1.50 
Full Braking generated time (s) (TTC) 0.39 0.58 
Collision Avoided [Yes/No] No Yes 
Collision Speed (m/s) 0.19 No collision 
The simulation result of vehicle 5 for case 2 shows that 
the potential collision between vehicle 5 and the pedestrian 
was avoided successfully. The pedestrian was detected when 
TTC equaled to 1.50 seconds and the PAEB waited until 
TTC=0.58 seconds to start full braking and the collision is 
avoided. It can be seen in TABLE 4 that the V2V-PAEB 
system on vehicle 5 in case 2 can detect pedestrians much 
earlier than that in case 1 so that the V2V-PAEB system can 
have more reaction time and has a better performance than 
PAEB system alone. If there is 0.4 seconds delay from 
generating the braking command to the actual start of 
mechanical braking due to communication and mechanical 
engagement, case 1 will have no mitigation and case 2 still 
avoid the collision.  This is a demonstration that the 
V2V-PAEB system can compensate the limitations of the 
PAEB only system, and can improve pedestrian safety 
significantly. 
D. Other Simulation Cases 
     Many scenarios have been identified that V2V-PAEB can 
be used to improve the pedestrian safety [3]. Figure 4 shows a 
2-lane road example where pedestrian is crossing the road. 
The cars on the right lane are waiting to move, car 4 on the left 
lane moves fast. While the Pedestrian 7 is obscured by car 2, 
car 4 is about to crash pedestrian 7. In the simulation with 
V2V-PAEB support, car 4 can prevent the crash by getting 
pedestrian information from car 2 a few seconds earlier. 
Though whether this scenario has collision or not depends on 
the initial vehicle speed and TTC, however, TTC will be 
increased when V2V-PAEB is applied on all vehicles. Details 
of this simulation are not included in this paper, but the idea of 
the V2V-PAEB can be shown in Figure 4 clearly. 
IV. DISCUSSION
This study sets up the architecture of the V2V-PAEB 
system and establishes a simulation tool to support further 
study. Simple algorithms are implemented to demonstrate the 
operation of the V2V-PAEB system. Various issues of 
V2V-PAEB need to be further addressed. These issues 
include the effect of time delay in information transmission 
and processing to the performance of the system, the effect of 
sensor error to the performance of the system, and the 
communication jam caused by large amount messages sent 
by many vehicles. 
Figure 4. Simulation of V2V-PAEB – pedestrian dart out. 
V. CONCLUSION 
This study described the idea of using the V2V-PAEB 
system to compensate the limitations of PAEB system that 
has short detection range and unable to detect obscured 
objects. The approach integrates the capabilities of V2V and 
PAEB to allow the information of pedestrians detected by 
PAEB system to be shared in the V2V network. 
Theoretically, the V2V-PAEB system should have better 
performance than PAEB system because other vehicles can 
report the pedestrians that one vehicle’s PAEB system failed 
to detect. Architecture for V2V-PAEB system is described. It 
decomposes various tasks associated to the V2V-PAEB 
system into smaller specific problems.  The input and output 
parameters of the V2V-PAEB system as well as its each 
block are also defined. The simulation has shown that the 
proposed V2V-PAEB has definite advantage over the PAEB 
alone system. The simulation provides a good foundation and 
tool for further V2V-PAEB study. 
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